r Distinct Ca 2+ channels work in a coordinated manner to grade Ca 2+ spark/spontaneous transient outward currents (STOCs) in rat cerebral arteries.
r Distinct Ca 2+ channels work in a coordinated manner to grade Ca 2+ spark/spontaneous transient outward currents (STOCs) in rat cerebral arteries.
r The relative contribution of each Ca 2+ channel to Ca 2+ spark/STOC production depends upon their biophysical properties and the resting membrane potential of smooth muscle.
r Na + /Ca 2+ exchanger, but not TRP channels, can also facilitate STOC production.
Abstract Ca 2+ sparks are generated in a voltage-dependent manner to initiate spontaneous transient outward currents (STOCs), events that moderate arterial constriction. In this study, we defined the mechanisms by which membrane depolarization increases Ca 2+ sparks and subsequent STOC production. Using perforated patch clamp electrophysiology and rat cerebral arterial myocytes, we monitored STOCs in the presence and absence of agents that modulate Ca 2+ entry. Beginning with Ca V 3.2 channel inhibition, Ni 2+ was shown to decrease STOC frequency in cells held at hyperpolarized (−40 mV) but not depolarized (−20 mV) voltages. In contrast, nifedipine, a Ca V 1.2 inhibitor, markedly suppressed STOC frequency at −20 mV but not −40 mV. These findings aligned with the voltage-dependent profiles of L-and T-type Ca 2+ channels. Furthermore, computational and experimental observations illustrated that Ca 2+ spark production is intimately tied to the activity of both conductances. Intriguingly, this study observed residual STOC production at depolarized voltages that was independent of Ca V 1.2 and Ca V 3.2. This residual component was insensitive to TRPV4 channel modulation and was abolished by Na + /Ca 2+ exchanger blockade. In summary, our work highlights that the voltage-dependent triggering of Ca 2+ sparks/STOCs is not tied to a single conductance but rather reflects an interplay among multiple Ca 2+ permeable pores with distinct electrophysiological properties. This integrated orchestration enables smooth muscle to grade Ca 2+ spark/STOC production and thus precisely tune negative electrical feedback.
Introduction
The cerebral circulation is composed of an integrated network of arteries, veins and capillaries. Within this network, it is the responsibility of arteries to respond to humoral and mechanical stimuli, so as to precisely tune brain perfusion (Furchgott & Zawadzki, 1980; Segal, 2000; Filosa et al. 2006) . The 'myogenic response' is particularly noteworthy in this circulatory bed and it refers to the intrinsic ability of arteries to constrict in response to elevated intravascular pressure (Knot & Nelson, 1998) . Like all stimuli, intravascular pressure regulates arterial tone by altering myosin light chain (MLC 20 ) phosphorylation, a process dynamically regulated by myosin light chain kinase (MLCK) and phosphatase (MLCP) (Gallagher et al. 1997; Cole & Welsh, 2011) . While the exact signalling mechanism hasn't been fully resolved, the induction of depolarization and rise in cytosolic [Ca 2+ ] are known to be key mediating steps (Knot & Nelson, 1998) . To prevent excessive myogenic constriction, the arterial wall is encoded with defined K + conductances that feedback negatively upon the initial depolarization. They include: (1) voltage-dependent K + (K V ) channels encoded by K V 1 (Cole et al. 2005) , K V 2 (Zhong et al. 2010a) , and K V 7 subunits (Zhong et al. 2010b) ; and (2) large-conductance Ca 2+ -activated K + (BK Ca ) channels (Jaggar et al. 1998b; Perez et al. 1999) .
Activation of BK Ca channels in cerebral arterial smooth muscle is observable in the form of spontaneous transient outward currents (STOCs). STOC production, both frequency and amplitude, is intimately tied to depolarization and driven by Ca 2+ sparks, discrete events reliant on the transient opening of ryanodine receptors (RyRs) on the sarcoplasmic reticulum (SR) (Jaggar et al. 1998b; Perez et al. 1999 Perez et al. , 2001 . Given that Ca 2+ spark production is tied to resting membrane potential (V m ) and RyR is itself Ca 2+ gated, it has been asserted that the Ca 2+ conductance responsible for triggering RyRs possesses voltage-dependent properties. Acknowledging this implicit relationship, initial work defining the trigger focused interest on high voltage-activated Ca V 1.2, the dominant conductance setting cytosolic [Ca 2+ ] in vascular smooth muscle (Knot & Nelson, 1998) . These studies typically noted that blocking this conductance, with Cd 2+ or dihydropyridines, markedly diminished the generation of Ca 2+ sparks and STOCs over time (Jaggar, 2001; Essin et al. 2007; Takeda et al. 2011) . While these early findings are clear, they are juxtaposed by recent work indicating that low voltage-activated T-type Ca 2+ channels (Ca V 3.2) are also a principal driver of this feedback mechanism (Harraz et al. 2014 (Harraz et al. , 2015a (Perez-Reyes, 2003; Kuo et al. 2010; Abd El-Rahman et al. 2013; ?
This study examined the interplay between low (Ca V 3.2) and high (Ca V 1.2) voltage-activated Ca 2+ channels in precisely grading Ca 2+ spark and STOC production in cerebral arteries. Experiments progressed from isolated smooth muscle cells to whole tissues, and involved the integrative use of electrophysiology, vessel myography, confocal microscopy and computational modelling. Results reveal that voltage-gated Ca 2+ channels work synergistically to drive Ca 2+ spark/STOC production and their activation/inactivation properties set their relative importance. Ca V 3.2 dominated Ca 2+ spark and STOC production at −40 mV while the prominence of Ca V 1.2 rose with depolarization (−20 mV). Functional experiments supported patch clamp observations, with Ni 2+ (Ca V 3.2 inhibitor) impacting arterial tone in the hyperpolarized state. Unexpectedly, this study revealed that at depolarized potentials, dual blockade of Ca V 1.2 and Ca V 3.2 was insufficient to fully abolish STOC production, indicative of another contributory conductance. In this regard, the Na + /Ca 2+ exchanger (NCX) working in reverse mode appears key to enabling this Ca V -independent component. In summary, coordinated interplay among voltage-gated Ca 2+ channels and NCX is pivotal to the proper grading of Ca 2+ spark and STOC production in the cerebral vasculature. Functionally, channel cooperativity broadens the voltage range over which BK Ca -mediated feedback moderates myogenic tone in the cerebral circulation.
carefully removed and placed in cold phosphate-buffered saline (PBS, pH 7.4) solution containing (in mM): 138 NaCl, 3 KCl, 10 Na 2 HPO 4 , 2 NaH 2 PO 4 , 5 glucose, 0.1 CaCl 2 and 0.1 MgSO 4 . Middle and posterior cerebral arteries were isolated and cut into 2-3 mm segments.
Isolation of cerebral arterial smooth muscle cells
Middle and posterior cerebral arteries were enzymatically digested to liberate smooth muscle cells (Welsh & Brayden, 2001) . Briefly, arterial segments were placed in an isolation medium (37°C, 10 min) containing (in mM): 60 NaCl, 80 sodium glutamate, 5 KCl, 2 MgCl 2 , 10 glucose and 10 Hepes with 1 mg ml −1 bovine serum albumin (pH 7.4). Vessels were then exposed to a two-step digestion process that involved: (1) 14 min incubation in isolation medium (37°C) containing 0.5 mg ml −1 papain and 1.5 mg ml −1 dithioerythritol; and (2) a 10 min incubation in isolation medium containing 100 μM Ca 2+ , 0.7 mg ml −1 type F collagenase and 0.4 mg ml −1 type H collagenase. Following incubation, tissues were washed repeatedly with ice-cold isolation medium and triturated with a fire-polished pipette. Liberated cells were stored in ice-cold isolation medium for use the same day within ß5 h.
Electrophysiological recordings
Perforated patch clamp electrophysiology was used to measure STOCs in isolated smooth muscle cells. Recording electrodes (5-8 M ) were pulled from borosilicate glass microcapillary tubes (Sutter Instruments, Novato, CA, USA) using a micropipette puller (Narishige PP-830, Tokyo, Japan), and backfilled with pipette solution containing (in mM): 110 potassium aspartate, 30 KCl, 10 NaCl, 2 MgCl 2 , 10 Hepes, and 0.05 EGTA (pH 7.2) with 250 μg ml −1 amphotericin B. Cells were placed in a bath solution consisting of (in mM): 134 NaCl, 4 KCl, 2 MgCl 2 , 2 CaCl 2 , 10 glucose, and 10 Hepes (pH 7.4). BK Ca currents (STOCs) were recorded while the cells were held at a membrane potential of −40 or −20 mV prior to and following defined treatments. Currents were recorded using an Axopatch 200B patch clamp amplifier (Molecular Devices, Sunnyvale, CA, USA), filtered at 1 kHz, digitized at 5 kHz, and were stored on a computer for offline analysis with Clampfit 10.3 software (Molecular Devices, Sunnyvale, CA, USA). Threshold for STOC detection was ß 3 times BK Ca single channel conductance (5 pA at −40 mV and 10 pA at −20 mV). Whole-cell capacitance averaged 12-18 pF and was measured with the cancellation circuitry in the voltage clamp amplifier. To minimize offset potential (<2 mV), a 1 M NaCl-agar salt bridge between the reference electrode and the bath solution was used. All experiments were performed at room temperature (ß22°C).
Vessel myography
Arterial segments were mounted in a customized arteriograph and superfused with warm (37°C) physiological salt solution (PSS; pH 7.4; 21% O 2 , 5% CO 2 , balance N 2 ) equivalent to in vivo settings (Lindinger et al. 1999) containing (in mM): 119 NaCl, 4.7 KCl, 20 NaHCO 3 , 1.1 KH 2 PO 4 , 1.2 MgSO 4 , 1.6 CaCl 2 and 10 glucose. To limit the influence of the endothelium, air bubbles were passed through the vessel lumen (1-2 min); successful removal was confirmed by the loss of bradykinin-induced dilatation. Arteries were equilibrated at 15 mmHg and contractile responsiveness assessed by brief application of 60 mM KCl. Following equilibration, intravascular pressure was elevated from 20 to 40 or 100 mmHg, and arterial external diameter was monitored under control conditions and in the presence of Ni 2+ (50 μM, Ca V 3.2 blocker; Lee et al. 1999) . Maximal arterial diameter was subsequently assessed in Ca 2+ -free PSS (zero externally added Ca 2+ + 2 mM EGTA). Percentage myogenic tone was calculated as follows: (Harraz et al. 2014) . Fluo-4 AM dissolved in DMSO (1 mM stock) was added to an arterial suspension for 1-1.5 h at room temperature (working concentration, 10 μM) along with 0.1% pluronic F127. Arterial segments were then washed for 30 min to allow dye esterification and then cut into linear strips. The arterial segments were pinned to Sylgard blocks and placed in an open bath imaging chamber mounted on the confocal imaging stage. Different concentrations of KCl were used to augment Ca 2+ spark generation. Cells were illuminated at 488 nm with a krypton argon laser and the emitted light was collected using a photomultiplier tube. Line scans were imaged at 529 frames s −1 with the emission signal recorded at 493-622. The acquisition period for Ca 2+ spark recordings was 18.9 s. The resultant pixel size ranged from 0.021 to 0.1 μm per pixel. To ensure that sparks within the cell were imaged, the pinhole was adjusted to provide an imaging depth of 2.5 μm. This depth is roughly equivalent to the width of 50% of the cell based on morphological examination of live preparations. Line scans were analysed using Sparklab 4.2.1 to characterize the percentage of scans with Ca 2+ sparks J Physiol 595.4 and the Ca 2+ spark frequency, amplitude and the time to peak. The threshold for spark detection was 3.2 times the standard deviation of the background noise above the mean background level. Prior to analysis the background fluorescence was subtracted from each image assuming homogeneous background levels in each cell.
Computational modelling
We used a previously constructed mathematical model that incorporates the ultrastructural and Ca 2+ handling features of a cerebral arterial smooth muscle cell (Harraz et al. 2014) . The smooth muscle cell was described as a cylinder, 76.5 μm in length and 5 μm in diameter (Fig. 4) ; for simulation purposes, the cell was subdivided into segments with each 8.5 μm in length. Based on previous microscopic observations, each segment was further subdivided into two semi-cylindrical 'slices' . The frequency of Ca 2+ spark-like events has been scaled to represent the whole cell, assuming that individual slices act independently. The model includes only mechanisms responsible for dynamic Ca 2+ handling in the smooth muscle cell. This includes the sodium-calcium exchanger (NCX), plasma membrane Ca 2+ -ATPase (PMCA), sarco/endoplasmic reticulum Ca 2+ -ATPase (SERCA), ryanodine receptor (RyR), calmodulin, calsequestrin, and the Ca 2+ channels Ca V 1.2, Ca V 3.1 and Ca V 3.2. In its present form, the model is limited to Ca 2+ dynamics evoked by voltage clamp stimuli. As illustrated in Fig. 4 , the model explicitly accounts for an interaction between Ca V 3.2 and RyR in a restricted microdomain (subspace), representing the ß15 nm space between caveolae in the plasma membrane and the sarcoplasmic reticulum. Mathematically, the model comprises 12 ordinary differential equations, which were solved using the 'ode15s' ODE solver in MATLAB (The MathWorks, Natick, MA, USA).
Statistical analysis
Data are expressed as means ± SEM, and n indicates the number of cells, arteries, or animals. Where appropriate, paired t tests, or one-way ANOVA were performed to compare the effects of a given condition/treatment on arterial diameter, Ca 2+ sparks, and BK Ca current (STOC). P values ࣘ 0.05 were considered statistically significant.
Solutions and chemicals
SEA0400 was obtained from APExBio (Houston, TX, USA). All the remaining chemicals and reagents were purchased from Sigma-Aldrich.
Results
We began experiments in rat cerebral arterial smooth muscle cells to confirm that STOC production was voltage dependent. In this regard, perforated patch clamp revealed that the frequency and amplitude of these transient events increased proportionally as cells were depolarized stepwise from −50 to −10 mV (Fig. 1 ). The increase in frequency reflects elevated Ca 2+ spark production while the rise in amplitude is reflective of the electrochemical driving force and the number of BK Ca channels activated per spark (Perez et al. , 2001 . To assess whether voltage-gated Ca 2+ channels govern STOC production, cells were held at −40 mV or −20 mV. These are two most commonly employed voltages and the ensuing transient events were monitored in the absence and presence of inhibitors that target Ca V 3.2 (50 μM Ni 2+ ) or Ca V 1.2 (200 nM nifedipine). These particular concentrations were chosen based on past observations which convincingly show that they elicit a near-complete block of their designated target (Lee et al. 1999; . Figure 2 reveals that Ni 2+ -induced inhibition of STOC production was greater at −40 mV (66%; 1.12 ± 0.09 to 0.37 ± 0.06 Hz) than −20 mV (12%; 2.32 ± 0.42 to 2.02 ± 0.3 Hz). Conversely, nifedipine impaired STOC generation by only 17% at −40 mV (1.24 ± 0.26 to 1.03 ± 0.2 Hz) but 45% at −20 mV (2.22 ± 0.34 to 1.22 ± 0.32 Hz) (Fig. 3) . STOC amplitude was unaffected by either inhibitor at either holding potential.
To conceptually explore the relationship between voltage-gated Ca 2+ channels and Ca 2+ sparks, the SR events underlying STOC production, we employed a microdomain model previously developed from structural observations, measures of Ca V activity, and mathematical representations of Ca 2+ transporters/binding proteins (Harraz et al. 2014) . Stepping membrane potential from −60 to −40 or −20 mV triggered Ca 2+ spark-like events whose frequency was voltage dependent and which dissipated as they spread from the subspace to the cytoplasm (Fig. 4) . Blocking Ca V 3.2 profoundly impaired the production of Ca 2+ spark-like events at −40 mV but had little effect at −20 mV (Fig. 4C) . Ca V 1.2 inhibition elicited the opposite effect, inducing a greater attenuation at −20 mV (ß18%) than −40 mV (ß54%) (Fig. 4D) . Intriguingly, at −40 mV the event latencies (the period between the depolarizing step and the first spark) following Ca V 3.2 and Ca V 1.2 were 14.62 s and 2.74 s, respectively ( Fig. 4C and D) . The computational observations align with the voltage-dependent properties of each Ca 2+ channel (Catterall, 2011) and with the biophysical observations of Essin et al. (2007 both parameters of ß50% each (Fig. 5A) . In 40 mM [K + ], the percentage of line scans detecting Ca 2+ sparks rose, as did the frequency of these events. In this more depolarized state, the effect of Ca V 3.2 blockade (Ni 2+ ) was modest whereas nifedipine decreased Ca 2+ spark frequency and the percentage of cells firing by 58% and 43%, respectively (Fig. 5B) . Functionally, the preceding findings predict that if Ca V 3.2 channels are driving Ca 2+ spark-STOCs production at hyperpolarized voltages; therefore their inhibition should elevate arterial tone at low intravascular pressures where vessels are hyperpolarized. Consistent with this prediction, Fig. 6 highlights that cerebral arteries constricted in response to 50 μM Ni 2+ (% myogenic tone, from 28.8 ± 4.4 to 42.4 ± 3.4) at 40 mmHg whereas this divalent cation had no effect in arteries pressurized to 100 mmHg.
Summary data in Fig. 7 show that, at a holding potential of −40 mV, > 80% of STOC production is eliminated by tandem blocking of Ca V 3.2 and Ca V 1.2, with the remaining events too infrequent to warrant investigation. The scenario is more complex at −20 mV where simultaneous blockade of both Ca V channels reduces STOC generation by only 45%. Thus, another Ca 2+ permeable conductance is contributing to STOC production in the depolarized state. Past studies have suggested that TRP channels (e.g. TRPV4) might be capable of passing sufficient Ca 2+ to trigger Ca 2+ sparks production and BK Ca channel activation in cerebral arteries (Earley et al. 2005) . Contrary to this perspective, we found that STOC production was unaffected by the TRPV4 agonist GSK 1016790A (10 or 100 nM; Fig. 8 ) or blocker HC-067047 (1 μM; Fig. 9 ). These patch observations align with pressure myography findings which noted GSK 1016790A did not alter tone in vessels pressurized to 40 or 100 mmHg (Fig. 8) . Gadolinium (10 μM), an indiscriminate TRP channel blocker (Gees et al. 2010) , was also ineffective in cells pretreated with 200 nM nifedipine and 50 μM Ni 2+ to block Ca V 1.2 and Ca V 3.2, respectively (Fig. 10) . Consequently, we considered whether NCX was operating in reverse mode, due to the depolarized state of smooth muscle, to drive the residual STOC component. Confirming a contributory role, the reverse mode NCX blockers KB-R7493 (10 μM) and SEA0400 (1 μM) decreased STOC frequency from 0.93 ± 0.11 to 0.31 ± 0.07 Hz and from 0.89 ± 0.12 to 0.32 ± 0.07 Hz, respectively (Fig. 11) . Note, cells were pre-incubated with Ni 2+ and nifedipine, prior to the addition of NCX blockers to eliminate the confounding influence of voltage-gated Ca 2+ channels (Tanaka et al. 2002; Birinyi et al. 2005; Ouardouz et al. 2005) . Figure 11E summarizes current findings and illustrates the interplay between Ca V 3.2, Ca V 1.2, and NCX in the initiation of Ca 
Background
Cerebral arteries, like resistance vessels found in the microcirculation of the kidney and myocardium, are characterized by their inherent ability to constrict in response to elevated blood pressure (Knot & Nelson, 1998) . The so called 'myogenic response' is crucial to setting global tissue perfusion and in protecting smaller vessels from pressure induced rupture (Davis & Hill, 1999; Loutzenhiser et al. 2006 (Knot & Nelson, 1998; Cole & Welsh, 2011) . To constrain excessive constriction, past studies have documented the presence of several K + conductances, whose voltage-dependent properties play a key role in feeding back upon and limiting the initial depolarization (Nelson & Quayle, 1995; Brayden, 1996; Faraci & Sobey, 1996) . Of note are: (1) K V channels from the K V 1 (Cole et al. 2005; Beech et al. 2005) , K V 2 (Amberg & Santana, 2006; Zhong et al. 2010a) , and K V 7 subfamilies (Mackie & Byron, 2008; Zhong et al. 2010b) ; and (2) BK Ca channels, the conductance of interest in this investigation (Jaggar et al. 1998b; Perez et al. 1999) .
BK Ca is a unique K + conductance, composed of four pore-forming α and auxiliary β 1 subunits that together confer the voltage/Ca 2+ sensitivity needed for activation (Orio et al. 2002; Wang & Sigworth, 2009; Cui et al. 2009 ). As the K d for Ca 2+ (10-20 μM) is a 100-fold higher than cytosolic levels, BK Ca must localize near a highly concentrated Ca 2+ source to ensure channel opening (Perez et al. 2001 ). In the cerebral circulation, the SR functions as that Ca 2+ store, with the transient opening of RyR generating 'Ca 2+ sparks' (Jaggar et al. 1998b; Perez et al. 1999) . The gating of RyR is, in itself, a Ca 2+ -dependent process and, notably, studies have yet to fully elucidate the triggering mechanism (McCarron et al. 2006; Laver, 2007) . The voltage dependency of Ca 2+ sparks and STOCs suggests a prominent role for Ca 2+ channels and in this regard, blocking Ca V 1.2 has been noted to diminish production (Jaggar et al. 1998a; Essin et al. 2007) . Recent work has introduced an intriguing caveat by reporting that Ca 2+ influx through T-type channels is also a primary driver of Ca 2+ sparks and STOCs (Abd El- Rahman et al. 2013; Harraz et al. 2014) . In particular, Ca V 3.2 is thought to reside near RyR and directly trigger the cytosolic gate of this SR protein; the resulting Ca 2+ sparks initiate STOC production and attenuate arterial tone development (Harraz et al. 2014) . These distinctive observations, mainly derived from smooth muscle cells harvested from the cerebral circulation, raise new and compelling questions. Are Ca 2+ sparks and STOCs being triggered by more than one voltage-dependent Ca 
Drivers of STOC and Ca 2+ sparks
A characteristic aspect of STOC production across species and vascular beds is that the frequency and amplitude of these transient events increases as cells depolarize Jaggar et al. 1998a) . We observed a similar phenomenon in the current study (Fig. 1) , with STOCs being infrequent and of limited amplitude at −50 mV but rising ß4-fold at −10 mV. Using 50 μM Ni 2+ to selectively block Ca V 3.2 but not Ca V 3.1 or Ca V 1.2 (Lee et al. 1999; , we observed impaired STOC production at −40 mV near the peak window current for this low voltage-activated T-type channel ( Fig. 2 ; Perez-Reyes, 1998; Abd El-Rahman et al. 2013) . Given that inactivation markedly reduces the Ca V 3.2 window current as cells further depolarize (Catterall, 2011) , the relative importance of this conductance to STOC production dropped substantively in smooth muscle cells held at −20 mV. Intriguingly, a literature survey reveals that this voltage-dependent pattern of Ni 2+ impairment is not species specific, indicative of Ca V 3.2 being a common element to all microdomains governing Ca 2+ spark/STOC production (Harraz et al. 2015a,b) . Subsequent work revealed that blocking high voltage-activated Ca V 1.2 channels at −40 mV where its window current is modest had little impact on STOC production (Knot & Nelson, 1998; Nikitina et al. 2007; Abd El-Rahman et al. 2013) . The impact of nifedipine markedly changed at depolarized voltages (−20 mV) where steady state Ca 2+ flux via Ca V 1.2 rises substantively (Fig. 3) . While the preceding findings are straightforward and align remarkably well with the voltage-dependent characteristic of Ca V 3.2 and Ca V 1.2, they are the first to argue for a coordinated interplay between the two conductances in the grading STOC production in cerebral arterial smooth muscle cells.
Building forward on the preceding observations and with the knowledge that Ca 2+ sparks underlie STOC generation (Perez et al. 2001) , there is an expectation that Ca V 3.2 and Ca V 1.2 will trigger these SR events in a manner consistent with their activation/inactivation properties. We first conceptualized the idea of Ca 2+ spark production within a computational model built from existing structural information, mathematical representations of Ca 2+ transporters/binding proteins and direct electrophysiological measures of Ca 2+ channel activity (Harraz et al. 2014) . Simulations highlight that Ca 2+ spark-like events increase with depolarization and as expected each Ca V subunit impacts on frequency distinctively, with low (Ca V 3.2) and high (Ca V 1.2) voltage-activated Ca 2+ channels dominating at hyperpolarized and depolarized potentials, respectively (Fig. 4) . These theoretical observations aligned well with biological measures of Ca 2+ sparks conducted on open cerebral arteries (Fig. 5) . In detail, the Ca V 3.2 inhibitor Ni 2+ induced a sizable decrease in Ca 2+ spark production when tissues were superfused with 25 mM KCl, a perturbation expected to set membrane potential near the K + equilibrium potential of −43.8 mV (Knot & Nelson, 1998) . Conversely, 200 nM nifedipine, a Ca V 1.2 inhibitor elicited a proportionally greater effect on Ca 2+ sparks when tissues were superfused with 40 mM KCl and the predicted membrane potential was near the K + equilibrium potential of −31.8 mV. Although these findings reinforce the view of a dynamic interplay among Ca V 3.2 and Ca V 1.2, it should be carefully noted that each Ca 2+ channel is likely to be driving Ca 2+ spark production in a mechanistically Representative trace and summary data highlighting the ability of 50 µM Ni 2+ to augment myogenic tone in vessels pressurized to 40 but not 100 mmHg (n = 8, * P < 0.05, paired t test).
J Physiol 595.4 distinct manner. In this regard, Ca 2+ flux via Ca V 3.2 is believed to directly trigger RyR through the cytosolic Ca 2+ gate, a conclusion reflective of: (1) immunolabelling observations placing Ca V 3.2 and RyR in close apposition; (2) STOC measurements noting that the blocking effects of Ni 2+ are rapid; and (3) computer modelling of microdomain Ca 2+ dynamics (Harraz et al. 2014) , highlighting the rapid onset of events compared to L-type channels (Fig. 4) . In comparison, Ca V 1.2 is thought to 'indirectly' modulate RyR via SR refilling and the gating of the luminal Ca 2+ sensor (Essin et al. 2007; Takeda et al. 2011) . This perspective reflects observations that: (1) place Ca V 1.2 outside of subcellular microdomains; and (2) reported that dihydropyridine block of Ca 2+ sparks/STOC production can be slow (Essin et al. 2007 ). Note, the terms 'direct' vs. 'indirect' are used in a qualitatively similar, but quantitatively distinct manner from 'tight' and 'loose' in striated muscle as the structures involved and the nature of protein-protein interaction is unique to each tissue (Klein et al. 1997; Collier et al. 1999) .
The next step was to build a functional correlate linking Ca V channels to Ca 2+ sparks, STOC generation and arterial tone development. Unfortunately, it is difficult to isolate Ca V 1.2 experimentally as Ca 2+ influx through this pore impacts on arterial tone through multiple mechanisms; thus altered vasomotor activity can't be used as a functional index of BK Ca activity (Knot & Nelson, 1998 ). An assessment of Ca V 3.2 appears more straightforward as this subtype's linkage to vasomotor activity is more restricted and easier to modulate (Jensen et al. 2004; Harraz et al. 2014) . Contrary to the other T-type isoforms, Ca V 3.2 can be selectively blocked with defined concentrations of Ni 2+ (Lee et al. 1999; Harraz et al. 2015a) , arterial V m can be readily set by changing intravascular pressure (Knot & Nelson, 1998) and confounding endothelial influences addressed by eliminating this cell layer (Abd El-Rahman et al. 2013) . Consistent with Cav3.2 driving BK Ca -mediated feedback, Ni 2+ enhanced myogenic tone in denuded arteries pressurized to 40 mmHg where V m resides near −45 mV (Fig. 6) . In contrast, when pressure was set to 100 mmHg and V m more depolarized (ß−30 to −35 mV), the Ni 2+ effect was markedly diminished. These preceding findings clearly point to Ca V 3.2 governing negative feedback when arteries reside within the requisite voltage window. They also illustrate that the effect of Ni 2+ arterial tone is not permissive and that careful experimental design can minimize potential off target effects (Harraz et al. 2014 (Harraz et al. , 2015b Mikkelsen et al. 2016) .
Other players in Ca 2+ spark and STOC production
The present findings clearly show that dual blockade of Ca V 3.2 and Ca V 1.2 induces a near-abolishment of STOC activity (>80%) in cells held at −40 mV (Fig. 7) . This scenario changed starkly at −20 mV where STOC frequency only decreased by ß45%, a finding suggestive of another Ca 2+ permeable conductance driving STOC production at this depolarized voltage. In this regard, we investigated TRPV4, a key member of the vanilloid subclass of TRP channels previously linked to Ca 2+ sparks-STOC generation (Earley et al. 2005) , unlike TRPC (Schmidt et al. 2010) . Contrary to a priori expectations, selective activators and inhibitors of TRPV4 failed to impact STOC production at −20 mV or alter tone development in arteries pressurized to 100 mmHg (Figs 8 and 9) where arterial V m will rest in a depolarized state (Knot & Nelson, 1998) . Gadolinium, a permissive TRP channel blocker, was equally ineffective at altering STOC generation ( Fig. 10 ; Gees et al. 2010; Wu et al. 2010) . The basis of this observational discrepancy is not clear although a likely factor centres on the remarkable improvement in TRPV4 pharmacology (Thorneloe et al. 2008; Vincent & Duncton, 2011) . In this regard, it is clear today that investigators have ready access to a pharmacological tool kit whose selectivity and potency are markedly better than the reagents used when the first exploratory work began (Vincent & Duncton, 2011) .
In retrospect, TRP channels seem unlikely conductances to grade Ca 2+ spark generation and STOC production Representative trace and summary data of STOC frequency and amplitude in presence and absence of 10 nM or 100 nM GSK 1016790A at −40 mV (A and B; n = 8, * P < 0.05, paired t test) and −20 mV (C and D; n = 8, * P < 0.05, paired t test). E and F, representative trace and summary data highlighting the inability of TRPV4 stimulation (GSK 1016790A) to alter myogenic tone in cerebral arteries pressurized to 40 or 100 mmHg (n = 5, * P < 0.05, paired t test).
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as they lack the strong voltage-dependent characteristics which would enable Ca 2+ influx to rise with depolarization. Indeed, Ca 2+ flux through the TRP channels should actually decrease with depolarization in accordance with the reduced electrochemical driving force. This knowledge led us to alternatively consider NCX, an electrogenic transporter with two subtypes (NCX1.3 & NCX1.7) robustly expressed in vascular smooth muscle (Lee et al. 1994; Quednau et al. 1997; Iwamoto et al. 2004) , and previously linked to STOC production in coronary arteries (Bychkov et al. 1997 elevated (Blaustein & Lederer, 1999; Reeves et al. 2007) . The reverse mode might be facilitated by TRPC6, a Na + permeable conductance presumably expressed in close apposition to NCX (Poburko et al. 2007; Reeves et al. 2007) . Consistent with NCX augmenting extracellular Ca 2+ influx at depolarized potentials (−20 mV) and driving Ca 2+ sparks/STOCs, this study observed that reverse mode NCX blockers (KB-R7493 & SEA0400) abolished that component of STOC production insensitive to nifedipine and Ni 2+ (Fig. 11 ). While these findings are the first in the cerebral circulation to position NCX as a regulator of STOCs, it is not clear which transporter subunit is responsible for triggering these events and or whether the opening of RyR is due to direct modulation of the cytosolic Ca 2+ gate or to an altered rate of SR refilling, impacting upon the luminal Ca 2+ gate (Cheranov & Jaggar, 2002) . Further work is required to ascertain the subcellular location of NCX and its relationship to microdomain structures to begin addressing these central issues.
Broader perspective
Since the initial findings linking Ca 2+ sparks to arterial dilatation, there has been concerted interest in identifying the upstream conductance(s) responsible for triggering these discrete events (Jaggar et al. 1998b; Earley et al. 2005; Harraz et al. 2014) . Traditionally, studies have been structured around a single conductance, assuming that it, and it alone, was the primary driver of RyR activation. Our current approach is more nuanced, focused on how multiple conductances, each with a unique electrophysiological signature works cooperatively to grade the production of Ca 2+ sparks and STOCs. Conceptually, one advantage to this synergistic relationship would be a more robust feedback response, broadening the voltage range over which BK Ca channels moderate tone development in the cerebral circulation. In presenting our observations, we caution against over interpreting the TRPV4 findings by presuming that this conductance is unconnected to STOC production. It could, in theory, function as a vital Ca Figure 11 . Na + /Ca 2+ exchanger (NCX) blockade attenuates STOC production at depolarized voltages A-D, representative trace and summary data highlight the effects of NCX blockade (A and B, KB-R7493, 10 µM, n = 10; C and D, SEA0400, 1 µM, n = 8) on STOC frequency and amplitude cells in cells held at −20 mV. Cells were pretreated with 50 µM Ni 2+ and 200 nM nifedipine prior to the introduction of NCX blockers. * P < 0.05 compared to control; # P < 0.05 compared to Ni 2+ and nifedipine group; paired t test. E, effect of Ca V 3.2, Ca V 1.2 and NCX blockade on STOC frequency and amplitude at voltages ranging from −50 to −10 mV (n = 8, * P < 0.05 compared to control; # P < 0.05 compared to Ni 2+ and nifedipine group; ANOVA). J Physiol 595.4 different physiological scenario (Gebremedhin et al. 1994) . If, for example, a vasodilator stimulus were to employ BK Ca to enact robust hyperpolarization, a nonvoltage-gated Ca 2+ permeable pore would be required to provide Ca 2+ influx needed to increase this K + channel's open probability (Larsen et al. 2006; Gebremedhin et al. 2008) .
Summary
This study uniquely illustrates how multiple Ca 2+ permeable pores, each with distinct voltage-dependent profiles, work dynamically to modulate Ca 2+ spark generation, STOC production and negative feedback in cerebral arteries. We detailed this intriguing relationship by carefully crafting a pharmacological approach and performing detailed electrophysiological, Ca 2+ imaging and computational analyses. In keeping with their low voltage activation profile, Ca 2+ influx via Ca V 3.2 principally triggers Ca 2+ sparks and STOCs at −40 mV, where this conductance's window current is near peak. As smooth muscle depolarizes, the impact of Ca V 3.2 diminishes, whereas the importance of Ca v 1.2 and reverse mode NCX rise in prominence consistent with their voltage-dependent activation/influx properties. We conclude that maintaining this cooperative relationship is key to properly grading BK Ca activity and to creating the robust feedback mechanism needed to moderate arterial constriction over a full range of intravascular pressures and diverse physiological scenarios.
